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PREFACE

A request for the U. S. Army Ene icer Waterways Ixperiment Stati on

(WES) to conduct a hydraulic model iive, stigation was made by the U. S.

Army Engineer District, Baltimore (NAB), at the request of the State of

Maryland in October 1979. Funding for the study was provided bv the

State of Maryland ard all results were provided to the State within

two weeks of the request for the study.

The study was undertaken by the Chesapeake Bay Model Branch,

Estuaries Division, Hydraulics Laboratory, WES, under the direction

of Messrs. H. B. Simmons, Chief of the Hydraulics Laboratory; F. A.

Herrmann, Jr., Assistant Chief of the Hydraulics Laboratory; R. A. Sager,

Chief of the Estuaries Division; and D. F. Bastian, Chief of the Chesa-

peake Bay Model Branch. Project Engineer was Mr. 1). R. Richards. The

actual tests were conducted by members of the staff of Acres American,

Inc. (contractor to WES for operation of the Chesapeake Bay Model) under

the direction of Dr. J. W. Htayden. Mr. S. R. Rives was Project En-

gineer for Acres American, Inc. This report was prepared hv MLessr .,

Richards and Bastian of WES, and Mr. Rives of Acres ,\mcric la, Inc.

Commander and )irector of WES during the coniduct of this stulv aod

the preparation and publicatioo of this report was COL Netslon P. Conover,

Ct:. technical Director was Mr. F. R. 1Brown.
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CONVERSION FACTORS, U. S. CUSTOMARY TO METRIC (SI)
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con-

verted to metric (SI) units as follows:

Multiply By To Obtain

acres 4047.0 square metres

iubic feet per second 0.02831685 cubic metres per second

cubic yards 0.7645549 cubic metres

feet 0.3048 metres

feet per second 0.3048 metre5- per second

gallons (U. S. liquid) 3. 785412 cubic decimetres

miles (U. S. statute) 1.609344 kilometres

square miles (U. S. statute) 2.589988 square kilometres
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NANTICOKE RIVER, MARYLAND DYE DISPERSION STUDY

Chesapeake Bay Hydraulic Model Investigation

PART I: INTRODUCTION

Problem

1. On the west bank of the Nanticoke River at Sharptown, Maryland

(Figure 1), there are approximately 30 chemical storage tanks containing

roughly 170,000 gallons* of various toxic chemicals and industrial sol-

vents. A rupture of one or more of these tanks -ould seriously endanger

the river biota and adversely affect the people living nearby.

Prototype

2. Sharptown, Maryland, is about 31 miles upstream from the mouth

of the Nanticoke River. The 40-mile-long tidal portion of the Nanticoke

River drains a 700-square-mile watershed with an annual average discharge

of 841 cfs into Tangier Sound. The maximum depth of the Nanticoke is

50 ft. A 12-ft-deep by 100-ft-wide channel is maintained from mile 8 up-

stream to mile 40 at Seaford, Delaware. The artificially maintained por-

tions of the channel cover only 4 miles. A 6-ft-deep by 60-ft-wide (at

mean low water) channel is maintained in the Northwest Fork (Marshyhope

Creek) from 12 miles above its confluence with the Nanticoke up to mile

16 near Federalsburg, Maryland.* '

3. The range of tide- varies from the mouth of the river to

Sharptown as follows:

* A table of factors for converting I'. S. customary units of measure-

ment to metric (SI) units is presented on page 3.
** U. S. Army Engineer District, Baltimore, CE. 1979. "River and

Harbor Project Maps," Baltimore, Md.
National Oceanic and Atmospheric Administration. 1979. "Tide

Tables, High and Low Water Predictionc, East Coast of North and

South America, Including Greenland," U. S. Department of Commerce,
Washington, D. C.
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Spring Tide Range, ft Mean Tide Range, ft

Mouth Vienna Sharptown Mouth Vienna Sharptown

2.8 2.6 3.0 2.3 2.2 2.5

The respective mean low-water, intertidal, and mean high-water volumes

for the Nanticoke River are 6.7, 1.9, and 8.6 x 10 cu ft.*

Objective

4. Specifically, the question addressed by the hydraulic model

test was: What is the geographical extent of the "worst case" effects

from a hypothetical release of a toxic substance at Sharptown?

5. The term "worst case" is ambiguous. It is not clear, for ex-

ample, that a large lateral spread of relatively low-contaminant concen-

trations is better or worse than a confined spread of high concentra-

tions. This que 'on was discussed at a meeting on 19 October 1979 that

was attended by personnel from the State of Maryland, Department of

Natural Resources, Water Resources Administration (WRA), the U. S. Army

Engineer District, Baltimore (NAB), the Chesapeake Bay Model Branch of

the U. S. Army Engineer Waterways Experiment Station (WES), and Acres

American, Inc. At that time, WRA expressed a preference for a model

simulation of a more highly concentrated, more localized contaminant

release, and the experiment was designed accordingly.

Scope

6. The study consisted of defining the temporal and spatial dis-

tribution of a neutrally buoyant conservative contaminant in the

Nanticoke River representative of an accidental chemical release at

Sharptown. A fluorescent dye was used as the tracer material.

* William B. Cronin. 1971 (Mar). "Volumetric, Areal and Tidal Statis-

tics of the Chesapeake Bay Estuary and lts. Tributaries," Special Re-

port 20, p 44, Chesapeake Bay Institute.
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PART II: THE MODEL

Description

7. The Chesapeake Bay model reproduced the entire prototype

estuary from Cape Henry and Cape Charles at its extreme southern end to

the Chesapeake and Delaware Canal (C&D Canal) and the tidal Susquehanna

River at its extreme northern end. The model also reproduced the major

tributaries and numerous small tributaries to their respective heads of

tide.

8. The physical model, located at Matapeake, Maryland, is of

the fixed-bed type, molded entirely of concrete, and is constructed to

linear scale ratios of 1:1000 horizontally and 1:100 vertically. These

,dimensions and Froudian model laws defined the following model-to-

prot,)tvpe ratios: velocity 1:10; time 1:100; discharge 1:1,000,000;

volume I: !00,000,000. The salinity ratio is 1:1.

9. The model (see Figure 2), covering approximately 8 acres, in-

cludes Lopogriphical features of the prototype to the +20 ft msl contour.

At the time of this stdy, al major ship channels were molded with the

proposed 50-ft channels leading into Baltimore and the existing channels

elsewhere.

A!purtenances

10. The model was equipped with the necessary appurtenances to

reproduce and measure all pertinent phenomena. The appurtenances in-

clude primarv and secondary tide generators, tide recorders, freshwater

inflow devices, skimming weirs, salinity meters and vacuum sFystem, cur-

rent velocity meters, tide gages, and fluorometers for dye concentration

det erminat ion.

Current meter:;

11. Current velocity measurements were made with miniature Price-

type meters. The center line of the model cups on the meter was about

0.05 ft above the bottom of the meter frame. The overall width of the

6



meter was about 0.1 ft in the model, representing a horizontal width of

about 100 ft in the prototype. Therefore, the distortion of area (model

to prototype) resulted in model velocities averaged over a much larger

area than those of the prototype point observations. The same was true

for the vertical area since the height of the cups on the meter was

equivalent to about 4.0 ft prototype. Velocities were obtained by

counting the number of revolutions the meter made in a 10-sec interval

(model) which was equivalent to about 17 min in the prototvpe. Th,_,

meters were calibrated frequently to ensure the accuracy of measurements

and were capable of measuring actual velocities as; low as about O.0 Fps

(0.) fps nrototype).

Point gages

12. Permanently mounted point gages were inStal led on the model

at locations corresponding to the prototype recording tide g:,,e loca-

tions at which verification tide data were collected, pills additional

locations considered necessary for test purposes, These ra-es, :-radu-

ated to 0.001 ft (0.1 ft prototype), measured tidal elevation.

Dve/salinitv sa mj__in anpa ratus

13. The sampling system consisted of a centrall x',bted ,,.acn::

pump and reservoir with polvethylone tubing runnint Ctrm it to ea ,

the sampling stations. Each sta-ion was independent]y va lved so tl;it

select stations could be sampled, leaving others idlI e. A "1;in v:lve it

the vaicuum reservoir activated the sstem, dra,'i u up, th w toy ,s ,!,y

into 10-cc test tubes. The test tubes were collectcc :i:tor f illi p:.

placed in a water bath to brinc the salmples to roo::. temper;,tiiCe ' ,or d'

and salinity measurement.

it luorometer

1-4. Tic 'orcen trationsI of fluorescent dve vere measli rod wit!) t

Tu rner fluonrometer. 7ire meters were cal i brited to 0:1(d ,-:11110c weeu

1 and 10,00r) parts. per hi]l i n (pphb. Ac'curc,' o: tl, ' 1 uor o' ,t 01 wa:

,ihout +1 pereent for the (Ian e of 10 1 In! t ti : Of I;.il

-CL A .L ...
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bottom). Where the depth was between 10 and '20 ft, surtacc and hotto7:;

samples were taken; and for depths less than 10 ft, a sinle m.ideiepth

sample was taken. Table 2 lists the snme in, tat ion,;, their protot>'pe

depths, and the corresponding sampiing fepths.

20. Sampling started at the second slack before eb after the dye

injection and was continued at prescribod slacks for -)8 tidal cycles

(see Table 3). Slack water was considered synoptic a1bout sta '-3A

(Vienna). Hourly samples were taken at stat "'-3A nnd N-3B durin, tide 1 I

so that the concentration distribution through one tidal cwc Ie could he

determined (see Table 4). Appro-imately 700 samples were taken duril,

the test. fhe samples were collected by vacuum aspiration and taken to

a temperature-controlled room where fiuorometer reading;s were taf.ken for

each.

21. Tidal elevations and tidal current measurements were n!e at

sta N-3A and N-3, respectivelv, before and after the test. The initial

tidal elevation measurements had to be discounted due to an operator

error, but the post-test measurements are coocialered accurate. F-

Lre 3 as a plot of measured tidal elevations. Fi.ure , shows the tial

currents.

I)ve _Scaling

22. There is signiflcant var t ion aMTJ-, (I ifferent Iot , o

Rhodamine i-T' base solution as it is received Ironl the momt ,t cc rr.

Similar dilutions of a similar quantity from two diff er(nt 1(,t; ,:.'i I

in general, yield different fluorescence vaIties on a 1-1 toroteter. 0

avoid this problem, the f Itorometer was cal ibrated in terms oi-
where C ls the concentration of dye in a ;:'iiplr -ind ( i!-, th( ,m

centration of dye in the base solution.

23. Iett ing m be the mnss of puire (c W ) Piodaiucil . il

i.ven snmple; , the ross of that Iston t j ; the I I c

Rhodamine VT solution that c()ntains md of pure dve; mhe o-cntr:I o ,n

of Ritodamine WV in a sample is t en mI /m ind tie cnnentr, tion,

of dye in the base solu-ion it, 1',, . ' refor

,: o ': ': " "r-'
,''l

"" " '+ "m'it r' : : ... : : ,, ' - " ':-' " = '(
'



G IC 's()

C "I

24. By careful1Y I i hit ing the base solution with distilled water,

s-mp es of known C/(; can he constructed. These s;;p l]es were then used

to cal ibra te the f Ituoromcter. It is necessirv during the initil dilu-

t ions to take into account the -pec ific' gravty of the bhase solution it

dilution is being nade by volume.

25. bv the definition of C

= C(2)

where the subscript "in,)" refers to the pure dye and base solution in-

]ected into the model durtng the test. Dividing this equation b\

(,) yields
I In

) ((
S il ] n j d) d i n j

26. For the Sharptown test, 5.9 ml of dve solu1tion (C/C' - 9.98)

I-) was in jected. At this dilution, .;pec if ic grav itv is esseut iallI v

un i tv (kegs units) ind

IM\. ) = 5.9 mlrams hse solution
n' m i rans of sample

27. T!it e toromet er was cal ibra ted in terms of C/; and a least-

slu Ires 1inear fit to the cilibration data yielded,

C 4.978 - 10- 9 , (luorometer dial readings) (5)

•ind therefore

C C -8
-(... ( : D -~8.280 1I ( ltorometer (11.0 reaid ing) (0)

Ii



28. Al fluorescence values were scaled to C/md (parts per

billion per gram of pure dye injected) by the above equation. Tables 3

and 4 list the values of C/m d  for the slack-water samples and hourly

samples, respectively. These values can he interpreted as the concen-

trations in ppb that would result from the injection of one gram of pure

dye under qimilar model conditions. Scaling the results to the proto-

type, the fluorescence values are concentrations in ppb resulting from

an injection of 100 metric tons (105 kilograms) of a contaminant.

Test Iesul ts

29. Figures 5 and 6 show plots of peak values (regardless of the

depth at which the peak occurred) of C/m d at each station along

Nanticoke River for each tide sampled. The plots in Figure 5 show pro-

files of samples taken at slack before flood while Figure 6 shows slack

before ebb. Figure 7 shows sta MI-1 (Marshyhope Creek) concentrations

plotted versus time in tidal cycles. Dye concentrations from hourly

samples at sta N-3A and N-3B during tide 13 are shown in Figure 8.

30. As can be seen from the figures, peak concentrations in the

river tend to decrease with successive tidal cycles with a net transport

of dye mass proceeding slowly downstream.

31. The farthest upstream intrusion occurred at sta N-6 (Seaford)

after 43 tidal cycles. At that time, a value of 66 ppb/g was observed.

This represents approximately 1. percent of the peak concentration

(6,964 ppb/g) observed near the injection point during the third tidal

cycle.

32. The arrival of the dye at the most downstream sampling loca-

tion (sta N-I, near the miuth of the Nanticoke River) occurred between

slack !,efore f]i od (f c'vc1e 401 and l.;ack before ebb of cycle 43. The

first recorded valte of 25 pph/g (which reoccurred periodica lv through-

out the remainder -o the e t t) represtlit5; less than I I percent of the

peak 6,964 pphg concentration observed nea r the con tami nat ion point on

the third tidal cycle.

3). Between tidal V le, i ind "', the d'e concentration at

11



Sharptown (sta N-4) decreased appreciably. The 489 ppb/g concentration

observed on tidal cycle 58 represents 7 percent of the peak concentra-

tion observed on tidal cycle 3.

Analysis

34. Pertinent to the question of contaminant spread are: (a) the

rate at which the pollutant moves downstream, (b) the rate at which the

peak concentration decays, and (c) the rate at which the plume spreads

with respect to its center of mass.

35. To address these parameters, a third order polynomial was fit

to each of the sets of synoptic slack-water fluorescence values (points

outside the plume were ignored). From the resulting equations one can

calculate the movement of the location of the peak, the decay of the

peak with time, and the spread.

36. Figure 9 shows the location of peak fluorescence at the des-

ignated slack water. A linear regre-3sion yields a downstream velocity

of 0.41 miles per day for slack before flood peaks and 0.29 miles per

day for slack before ebb peaks.

37. Figure ]Oa shows the change of peak fluorescence with time.

38. "Spread" is defined as the longitudinal extent of polluted

water with concentrations exceeding I/e of peak concentration (e

2.718). Figure 10b shows the increase of spread with time.

lI
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Table 1

Boundary Conditions

Tides Ocean C&D Canal

Range, ft 2.6 Not operating
Amplitude, ft 1.3 Not operating
Plane, ft 0.0 Not operating

Source salinity, ppt 32.5 Not operating

Freshwater inflow:

Inflow No. Tributary Discharge, cfs

1 Nansemond R. 676
2 Chickahominy R. 289
3 Appomattox R. 967
4 James R. 7,249
5 York R. 2,659

6 Rappahannock R. 2,842
7 Wicomico R. 412
8 Occoquan Cr. 2,370
9 Anacostia R. 582
10 Potomac R. 7,699

11 Patuxent R. 881
12 Severn R. 231
13 Patapsco R. 613
14 Gunpowder R. 802
15 Susquehanna R. 37,217

16 Bohemia R. 386
17 Chester R. 502
18 Wye R. 190
19 Choptank R. 1,216
20 Nanticoke R. 403

20M Marshyhope Cr. 249
20Q Quantico Cr. 196

(sums adjacent basins)
21 Pocomoke R. 1,369

Total discharge in bay 70,000 cfs



Table 2

Sampling Stations and Sampling Depths

Water Depth Sampling Depth
Station ft ft below msl

N-I 27 4, 12, 24

N-LAW 13 2, 11

N-1AE 10 5

N-2 12 4, 11

N-2A 19.5 2, 18

N-2B 40 2, 20, 38

N-3 26.5 2, 13, 24

N-3A 29 2, 15, 27

N-3B 21.5 2, 11, 19

N-4 19 2, 17

N-4A* 18 Mid

N-5 14 2, 12

N-6 15 8

MH- 1 5

* N-4A was added after tide 5. Sampling was
manual with pipette.



en --

wn cc 00 mnC cN-J'DeD'O nc-e CDee 0-C mC
w - e 'D 'o - lE cc e -- 0

,- DneC 0o 00C l~* enl'Ccc0t C e 0 C

CO - -

0 m..ae o necee~ 0ecccz
C-I - Nt Cl CC re, eCr a

0 occ m to-D 0C cctn-. a,. meere

en Ce) 0 er -, C-, w - l-

CC

coee w-cc eecce eeeeOr - - - -

Cc 0n. enenen o -- c0eC.-, -ccrz

0 a C 0 0en Ceo 0 CD~t lCr

C,0C 0C ) cL)d ccC ccnnteN- eaCef.cl-

c-. 0 en C> CON Cete.ZCCIc 0c
ce C! c- cr -c ;0 c c c cll c-c-

on
an



Tab I e 4

Dyt' F I qu',r e : ;cunce in 1' nl2iroLAb j __ ramof Pure )ve In .ected

for iourLy Samples During lide 13

Y i a; I -St aN- I)A, Q0qjtil.nt Sf taN3,Dphnf
h r' 2-" 15 27 2 11 19

04 422 373 2169 2194 2062

-20 431 '381 2418 2269 2062
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10 1184 1115 969 4032 4148 4041

i 820 803 795 3445 3594 3)560

12 687 629 h04 2650 2757 279q

_. -42 67 1 497 47 2410 2424 2 2
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Figure 7. Dye f luorescence values (ppb per gram of dye injected) for

samples taken on Marshyhope Creek (Mll-1) at the desi gnted times



8000-

<4000

z

z

0 2000

o Si i * 0 I i i

1 2 3 4 5 6 1 8 9 10 11 12 1241

SLACK BEFORE FLOOD

SLACK TIME, HR
BEFORE
EBB

a. Tide 13 Sta N-3A

8000

cc 4000

z

0z

w 0

01
0 1 2 3 4 5 6 7 8 9 10 11 12 12.42

f SLACK BEFORE FLOOD
SLACK TIME, HR
BEFORE
EBB

b. Tide 13 Sta N-3B

Figure 19. Dye fluorescence values (ppb per gram of dye injected) for

hourly samples taken during tide 13. Plotted values are peak values
for the designated station regardless of where the values occurred in

the vertical
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Figure 9. Location of slack-water peak fluorescence values calculated
from polynomial fit
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In accordance with letter from DAEN-RDC, DAEN-ASI dated

22 July 1977, Subject: Facsimile Catalog Cards for
Laboratory Technical Publications, a facsimile catalog

card in Library of Congress MARC format is reproduced

below.

Richards, David R
Nanticoke River, Maryland, dye dispersion study;

Chesapeake Bay Hydraulic Model Investigation / by David R.
Richards, Stephen R. Rives, David F. Bastian. (Hydraulics
Laboratory. U.S. Army Engineer Waterways Experiment Station)
prepared for U.S. Army Engineer District, Baltimore. --

Vicksburg, Miss. : U.S. Army Engineer Waterways Experiment
Station ; Springfield, Va. : available from NTIS, 1981.

13, [14] p. : ill. ; 27 cm. -- (Miscellaneous paper / U.s.
Army Engineer Waterways Experiment Station ; HI-81-2)

Cover title.

"January 1981."
1. Chemical wastes. 2. Dye dispersion. 3. Hydraulic modoi ..
4. Nanticoke River. 5. Pollutants. 1. Rives, Stephen H.,
joint author. II. Bastian, David P., joint author.
III. United States. Army. Corps of Engineers. Baltimore
District. IV. United States. Army Engineer Waterways

Experiment Station. Hydraulics Laboratory. V. Title,
VI. Series: Miscellaneous paper (United States. Army !.Knrineer
Waterways Experiment Station) HL-81-2.
TAT.W34m no.HL-81-2
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